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Mucosal-associated invariant T (MAIT) cells are an abundant population of unconventional T cells in humans and play important roles
in immune defense against microbial infections. Severe COVID-19 is associated with strong activation of MAIT cells and loss of these
cells from circulation. In the present study, we investigated the capacity of MAIT cells to recover after severe COVID-19. In longitudinal
paired analysis, MAIT cells initially rebounded numerically and phenotypically in most patients at 4 mo postrelease from the hospital.
However, the rebounding MAIT cells displayed signs of persistent activation with elevated expression of CD69, CD38, and HLA-DR.
Although MAIT cell function was restored in many patients, a subgroup displayed a predominantly PD-1high functionally impaired
MAIT cell pool. This profile was associated with poor expression of IFN-g and granzyme B in response to IL-12 + L-18 and low levels of
polyfunctionality. Unexpectedly, although the overall T cell counts recovered, normalization of the MAIT cell pool failed at 9-mo follow-
up, with a clear decline in MAIT cell numbers and a further increase in PD-1 levels. Together, these results indicate an initial transient
period of inconsistent recovery of MAIT cells that is not sustained and eventually fails. Persisting MAIT cell impairment in previously
hospitalized patients with COVID-19 may have consequences for antimicrobial immunity and inflammation and could potentially
contribute to post-COVID-19 health problems. The Journal of Immunology, 2024, 212: 389�396.

Severe acute respiratory syndrome coronavirus 2 is the airborne
agent causing COVID-19 and has caused millions of deaths
worldwide since its appearance in late 2019. COVID-19 is

characterized by a complex interplay between innate and adaptive
immune mechanisms, host genetics, and preexisting conditions, gener-
ating a wide range of disease severity from asymptomatic to critical
acute respiratory distress (1, 2). Long-term symptoms, collectively
termed “postacute sequelae of COVID-19” (PASC), also known as
post-COVID or long COVID, occur in a minority of convalescent
individuals with a range of systemic, cardiorespiratory, neuropsychiat-
ric, and gastrointestinal manifestations (1, 3, 4).

SARS-CoV-2 infection provokes a rapid innate immune response
that is often successful and followed by an adaptive immune response
that clears the infection (1, 5). However, in some individuals, an
imbalanced and excessive innate response drives progression to exces-
sive inflammation, coagulopathy, and organ damage (2). The imbal-
anced type of innate response involves an impaired and delayed type
I IFN response (6�8), coupled with excessive activation of the
myeloid compartment (6, 9). Furthermore, severe COVID-19 is also
associated with excessive activation of an abundant population of
unconventional T cells with innate-like response characteristics known
as mucosal-associated invariant T (MAIT) cells (10�12). The MAIT
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cell population expresses a semi-invariant TCR repertoire and primar-
ily recognizes microbial vitamin B2 metabolites, such as the strong
agonist 5-(2-oxopropylideneamino)-6-d-ribitylaminouracil (5-OP-RU),
presented by the nonpolymorphic and evolutionarily conserved MHC
class I�related protein 1 (MR1) molecules (13�16). MAIT cells play
an important role in barrier immunity (17, 18), and murine models
support their important role in the control of bacterial infections in the
lung (19�21). MR1-restricted responses of MAIT cells include
rapid production of diverse cytokines such as IFN-g, TNF, IL-17,
and IL-22 (22, 23), as well as cytolytic effector function against
infected cells (24, 25). Furthermore, recent evidence indicates that
MAIT cells can participate in MR1-dependent tissue repair (26�28).
Beyond their role in MR1-restricted antibacterial immunity, it is

also clear that MAIT cells respond strongly to some viral infections
(29�32). This includes a protective effect against influenza virus
infection, which is probably mediated via IFN-g production (33, 34).
Antiviral responses by MAIT cells are driven primarily by innate
cytokines produced in response to virus, including IL-12, IL-15,
IL-18, and IFN-a (35, 36). SARS-CoV-2 infection provokes strong
activation of the MAIT cell pool in humans and leads to a decline in
circulating MAIT cell numbers in peripheral blood (10�12). Strik-
ingly, in severe COVID-19, the MAIT cell activation levels are asso-
ciated with and predictive of mortality (10, 11, 37). However, little is
known regarding the ability of the MAIT cell compartment to recover
in hospitalized patients who survive the acute stage of severe disease.
In the present study, we have addressed this by longitudinal sampling
of patients with COVID-19 up to 9 mo after release from the hospital.
The findings indicate an initial transient period of inconsistent recov-
ery of the MAIT cell compartment that is not sustained and ultimately
fails. Because MAIT cells have important roles in antimicrobial
immunity and inflammation, we hypothesize that long-term impair-
ment of these cells may play a role in persistent health problems in
previously hospitalized patients with COVID-19.

Materials and Methods
Patient characteristics

Twenty-seven patients with SARS-CoV-2 infection hospitalized with moderate-
severe and severe COVID-19 were sampled in April and May 2020 as part
of the Karolinska KI/K COVID-19 Immune Atlas project (10, 38�40).
Twenty-four patients were available for studies of MAIT cells at the acute
stage of the disease. Detailed demographics and clinical characteristics of the
acute cohort were previously described (10). The 20 patients who survived
the acute phase of COVID-19 and were released from the hospital were fol-
lowed over time. Blood samples were collected 4 and 9 mo after acute dis-
ease resolution from 16 and 13 patients, respectively (Supplemental Table I).
Eleven age- and sex-matched SARS-CoV-2 IgG seronegative control sub-
jects were sampled during the fall of 2020. PBMCs from patients and control
subjects were isolated, cryopreserved, and thawed at the same time for analy-
sis. Cryopreserved samples from a second cross-sectional group of 24 hospi-
talized patients with COVID-19 sampled at 4�5 mo of convalescence were
subsequently identified from the Karolinska KI/K COVID-19 biobank to
extend the size of the cross-sectional study cohort (Supplemental Table II).
All blood donors gave written informed consent in accordance with study
protocols conforming to the provisions of the Declaration of Helsinki and
approved by the regional ethics review board in Stockholm.

Absolute blood cell counts

Absolute cell counts in whole blood were assessed by flow cytometry using
BD Multitest 6-color TBNK reagents in association with BD Trucount tubes
(BD Biosciences) following the manufacturer’s instructions. CD31 T cells
were gated from CD451 CD14−, CD15−, and CD19− cells, and the number
of events obtained was used to determine the absolute CD3 counts as follows:
(number of CD31 events acquired × number of beads per tubes)/(number of
beads events acquired × sample volume in ml). The absolute count of MAIT
cells analyzed was subsequently calculated using their percentages out of total
CD31 T cells.

Flow cytometry staining procedure and Abs

The following Abs were used for staining: CD69-BUV395 (clone FN50),
CD38-BUV496 (clone HIT2), CD56-BUV737 (clone NCAM16.2), CD3-
BUV805 (clone UCHT1), CD14-V500 (clone M5E2), CD19-V500 (clone
HIB19), iNKT-BV750 (clone 6B11), CD161-PE-Cy5 (clone DX12), gran-
zyme A (GzmA)-PerCP-Cy5 (clone CB9), GzmB-AF700 (clone GB11),
CD107a-BUV395 (clone H4A3), and TNF-PE-Cy7 (clone Mab11) from BD
Biosciences; PD1-BV421 (clone EH12.2H7), CD8-BV570 (clone RPA-T8),
IL-7R-BV605 (clone A019D5), CD4-BV711 (clone OKT4), HLA-DR-BV785
(clone L243), Ki67-AF488, Va7.2-PE-Cy7 (clone 3C10), CXCR6-AF647
(clone K041E5), IL-17A-BV421 (clone BC168), CD3-BV650 (clone OKT3),
GzmB-FITC (clone GB11), TCRgd-PE-Dazzle594 (clone B1), and Va7.2-PE
(clone 3C10) from BioLegend. PE- and allophycocyanin-conjugated 5-OP-
RU�loaded human MR1 tetramer (NIH Tetramer Core Facility) was used to
identify MAIT cells. The LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit
(Thermo Fisher) was used for staining dead cells. PBMCs were first stained
with the hMR1-5-OP-RU tetramer for 30 min at room temperature prior to
extracellular staining for another 20 min at 4◦C in PBS 2 mM EDTA and 2%
FBS. After washing, cells were fixed and permeabilized in BD Cytofix/Cyto-
perm Fixation/Permeabilization Kit (BD Biosciences) for 30 min at 4◦C and
stained intracellularly in 1× BD Perm/Wash buffer (BD Biosciences) for
30 min at 4◦C. After washing, cells were fixed for 10 min at room tempera-
ture in BD CellFIX 1× (BD Biosciences) before acquisition. Samples were
acquired on a BD FACSymphony A5 flow cytometer (BD Biosciences) and
analyzed with FlowJo software version 10.7.1 (BD Biosciences).

Functional assays

For cytokine stimulation, PBMCs were cultured for 24 h in complete media
(RPMI 1640 medium supplemented with 10% FCS, 2 mM L-glutamine,
100 U/ml penicillin, and 100 mg/ml streptomycin) with IL-12p70 (10 ng/ml;
PeproTech) and IL-18 (100 ng/ml; MBL international) in the presence of
CD107a Ab. Monensin (GolgiStop; BD) and brefeldin A (GolgiPlug; BD)
were added for the last 6 h before staining. For antigenic stimulation, PBMC
were incubated for 2 h with 100 nM 5-OP-RU in the presence of CD107a
Ab before adding monensin and brefeldin A for 6 h. The MAIT cell Ag
5-OP-RU was synthesized as a DMSO solution, in which it remains chemi-
cally stable and intact, as previously described (16, 41).

Flow cytometric analysis and Uniform Manifold Approximation and
Projection

Single-stained compensation beads (BD Biosciences) were used to calculate
the compensation matrix. FCS3.0 files exported from BD FACSDiva soft-
ware were imported into FlowJo software, and a compensation matrix was
generated using the AutoSpill/AutoSpread algorithm. Data were cleaned
prior to analysis using the FlowAI algorithm that checks the stability of the
flow over time for each of the parameters acquired. The resulting good
events were exported and used for downstream analysis. Patients with fewer
than 10 events in the MAIT cell gate were not included in the phenotypic
or functional analysis. To generate the Uniform Manifold Approximation
and Projection (UMAP), samples were first downsampled using the FlowJo
plugin Downsample (version 3.2), barcoded with the patient group, and
concatenated. A total of 1000 MAIT cells per patient were included. The
FlowJo plugin UMAP (version 3.1) was run on the resulting FCS file using
the default settings (Distance function 5 Euclidean, nearest neighbors: 15
and minimum distance: 0.5), including all the compensated parameters and
forward scatter and side scatter measurements.

Principal component analysis

Principal component analysis (PCA) of MAIT cell phenotypes was performed
in R using the FactoMineR package (version 2.8). PCA was computed on the
expression levels of CD8, CD38, CD56, CD69, HLA-DR, GzmA, GzmB,
PD-1, Ki67, CD161, CXCR6, and IL-7 receptor a subunit (IL-7R, CD127).
Median fluorescence intensity measurements for GzmA, PD-1, Ki67, CD161,
CXCR6, and IL-7R were batch corrected to the geometric mean fluorescence
intensity of each flow cytometry experiment. All parameters were then scaled
before PCA computation.

Combinatorial polyfunctionality analysis of Ag-specific T cell subsets

The combinatorial polyfunctionality analysis of Ag-specific T cell subsets
(COMPASS) algorithm creates an unbiased model of observed cell subsets
displaying different protein marker combinations and infers Bayesian statistics
to present polyfunctional subsets that are likely to occur in cells responding to
stimulation in reference to an unstimulated control condition. Subject- and cell
population�specific responses were interrogated by calculation of a polyfunc-
tionality score (42). The SimpleCOMPASS implementation was used to
infer the diversity of functional responses of MAIT cells after stimulation as
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indicated. Combinations of IFN-g, TNF, GzmB, IL-10, IL-17A, and CD107a
were included in the COMPASS model. Boolean gates of all effector mole-
cules were created for each donor and MAIT cell population. Cell subset
counts were exported from FlowJo, and COMPASS models were calculated
for each donor and MAIT cell subset in comparison with unstimulated control
cells using the COMPASS package in R (version 1.3.0) with eight replications
of 40,000 iterations per model. Heatmaps were modified from COMPASS’s
heatmap function and show the posterior probability of response of prioritized
subsets. The probability of an at least bifunctional response was calculated
using COMPASS’s response function.

Statistical analysis

Prism version 9.0.1 (GraphPad Software), Python, and R were used for sta-
tistical analysis. Longitudinal statistical analysis of incomplete paired data
sets was done using mixed-effect analysis. Statistically significant differences
(p < 0.05) between longitudinal donor sampling between the 4- and 9-mo
time points were determined using a donor-paired Wilcoxon signed-rank
test. For comparison of more than two groups, the Kruskal-Wallis test fol-
lowed by Dunn’s post hoc test and Benjamini-Hochberg correction of p val-
ues was applied. Correlations were evaluated using the Spearman correlation
implemented in the hMISC package (version 5.1) in R. Calculation of the
coefficient of covariation was derived from quantification of the donor-to-
donor expression variation as recently described (43). In brief, the mean
expression of each protein across groups was calculated, subject- and pro-
tein-specific expression was normalized to the average, and the group-spe-
cific SD for each normalized protein expression was calculated.

Data and material availability

Curated flow cytometry data from the acute time-point are available for explo-
ration via the Karolinska COVID-19 Immune Atlas (https://covid19cellatlas.
com/#/). Other data are available upon request from the corresponding author.

Results
Initial recovery of MAIT cells in COVID-19 is transient and fails at
9 mo of follow-up

During the first wave of SARS-CoV-2 infections in Sweden in the
spring of 2020, we studied 24 patients hospitalized with COVID-19
to characterize the involvement of the MAIT cell compartment in
severe COVID-19 (10). To investigate the ability of MAIT cells to
recover, longitudinal paired blood samples from patients were col-
lected at 4�5 (n 5 16) and 9 (n 5 13) mo after disease resolution
from the original 2020 patient group who survived the acute stage
of COVID-19 and were released from the hospital (Supplemental
Table I). MAIT cells were quantified by flow cytometry at the time
points of convalescence (Supplemental Fig. 1A) in comparison with
a matched healthy donor (HD) control group sampled in parallel at

the 4-mo time point (Supplemental Table I) and longitudinally com-
pared with levels observed for the same patients at the acute stage
of disease. MAIT cell populations initially recovered by 4 mo post-
infection, both in absolute counts and as percentages out of CD31

cells (Fig. 1A). However, this recovery was transient because the
MAIT cell percentages and counts declined by the 9-mo time point
to levels similar to those during the acute stage of disease (Fig. 1A).
This pattern was distinct for MAIT cells, because overall T cell
counts recovered and remained elevated above those of the HD
group throughout 9 mo of convalescence (Fig. 1A). The numerical
recovery of the MAIT cell compartment was dynamic in the sense
that the fold change recovery at 4 mo correlated inversely with the
acute stage MAIT cell count (rho 5 −0.80; p 5 0.002) (Fig. 1B).
Thus, longitudinal assessment indicates that the MAIT cell pool
shows a pattern distinct from the conventional T cell compartment
and only transiently recovers before declining again in patients who
were hospitalized during the acute stage of COVID-19.

Heterogeneous MAIT cell alterations in convalescent COVID-19
patients

To better understand the characteristics of the MAIT cell compart-
ment in patients with COVID-19 after recovery from the acute stage
of disease, we investigated MAIT cells in PBMC samples from the
longitudinal sample set at the 4-mo time point. In addition, we
included a second patient group with similar acute disease character-
istics, sampled 4�5 mo after release from the hospital (n 5 24)
(Supplemental Table II), to obtain sufficient numbers to investigate
phenotypic and functional heterogeneity at this stage of convales-
cence. MAIT cells were stained for CD4, CD8, CD38, CD56,
CD69, HLA-DR, PD-1, Ki67, IL-7R, CXCR6, GzmA, and GzmB
and analyzed by flow cytometry (Supplemental Fig. 1B). Dimen-
sionality reduction with UMAP highlighted partially distinct occupa-
tion of healthy and convalescent MAIT cell donors on the UMAP
topography, indicating alteration of MAIT cell phenotypes by
COVID-19 (Fig. 2A). This prompted us to look deeper into the
characteristics of the MAIT cell pool at 4 mo of convalescence.
Major MAIT cell CD81, CD41, and CD8−CD4− double-negative
subsets were not perturbed in patients as compared with the HD
group (Fig. 2B). However, activation markers such as CD38, CD69,
and HLA-DR were elevated (Fig. 2C), and GzmB expression at
resting conditions was also significantly higher (Fig. 2D). Expres-
sion of PD-1 and CD56, both relevant for MAIT cell effector
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function, was highly variable in both HD and COVID-19 convales-
cence groups, as indicated by the largest SDs of all measured pro-
teins (Fig. 2D, 2E). Interdonor variation, quantified by coefficient of
covariation, was increased in MAIT cells from convalescent patients
with COVID-19 (Fig. 2F). With these patterns at hand, we next
investigated in more detail the heterogeneity of MAIT cell com-
partments in convalescent COVID-19 patients.
PCA indicated that MAIT cells from patients with COVID-19

were phenotypically altered in comparison with the HD group during
the transient recovery period at 4 mo of convalescence (Fig. 3A),
with phenotypic separation driven by markers of activation along
PC1 and PD-1 for PC2 (Fig. 3B). In more detail, this analysis
identified three clusters, where the main group of patients exhibited

normalized MAIT cell phenotypic patterns overlapping with the HD
group, one group segregated from the normalized group based on
markers associated with residual activation in MAIT cells, and finally
one group characterized by elevated expression of PD-1 (PD-1high)
(Fig. 3B, 3C). These three subgroups also displayed different topog-
raphy in the UMAP analysis (Fig. 3D, 3E). Expression of CD8 and
CD4 was similar between the groups (Fig. 3F). However, individuals
with residually activated MAIT cells expressed increased levels of
CD38 (37±23%) and HLA-DR (7.6±4.8%) in comparison with the
HD and normalized groups, whereas CD69 levels were similar, a
pattern consistent with long-term persistent rather than recent activa-
tion (Fig. 3G). Although to a lesser extent, MAIT cells from indi-
viduals with the PD-1high MAIT cell characteristics were similarly
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from HDs or patients with normal-
ized, PD-1high, and residually activated
MAIT cell pools. Significance of differ-
ential protein expression assessed by
Kruskal�Wallis test followed by Dunn’s
test with Benjamini�Hochberg correction
of p values (*p < 0.05, **p < 0.01,
***p < 0.001).
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FIGURE 2. Signs of residual MAIT cell activation in
convalescent COVID-19 patients. (A) UMAP plots of
total live MAIT cells in peripheral blood of HDs (blue)
and 4-mo convalescent patients with COVID-19 (COV,
orange) colored according to patient group. (B) Relative
frequencies of MAIT subsets, or (C) expression of activa-
tion markers, and (D) surface receptors of MAIT cells
from HDs (n 5 11) and convalescent patients with
COVID-19 (n 5 41) at resting conditions. Each dot rep-
resents one donor, black square indicates group aver-
age. The Kruskal�Wallis test followed by Dunn’s
post hoc test with p value adjustment by Benjami-
ni�Hochberg correction was used to test for statistical
differences between groups. *p < 0.05, **p < 0.01,
***p < 0.001. (E) SD of phenotypic molecules for each
group. (F) Coefficient of covariation for each molecule
and group. Significance was assessed by Wilcoxon rank-
sum test (**p < 0.01).
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enriched in activation molecules. However, MAIT cell expression of
GzmB at rest was elevated in the residually activated MAIT cell
group (28±17%), whereas the opposite pattern was observed in the
individuals with PD-1high MAIT cells (0.9±0.8%) (Fig. 3H). These
patterns suggest that recovery of the MAIT cell pool in convalescent
patients is heterogeneous, and some individuals display altered cellu-
lar phenotypes.

Distinct PD-1high MAIT cell characteristics associated with
functional impairment

MAIT cells respond to TCR recognition of MR1-presented Ag and
can also respond, with a limited repertoire of functions, to cytokines
produced during viral and other conditions where no MR1-presented
Ag is available. To determine if these two modes of activation were
affected after the resolution of acute COVID-19, PBMCs collected
at the 4-mo follow-up and from HDs were stimulated with either
IL-121IL-18 (Fig. 4A) or MR1-restricted 5-OP-RU Ag (Fig. 4B)
(Supplemental Fig. 2A, 2B). Both modes of stimuli yielded strong
responses with upregulation of CD69. Response profiles, as expected,
differed between stimuli where IL-121IL-18 promoted a response
dominated by IFN-g and GzmB, whereas the 5-OP-RU�specific
response was broader and included CD107a and TNF (Fig. 4A, 4B).
Detailed analysis of the patient subgroups revealed that the group
characterized by PD-1high MAIT cells demonstrated a poor IFN-g
and GzmB expression in MAIT cells in response to cytokine-mediated

activation (Fig. 4A). The patient group characterized by residual
MAIT cell activation closely followed the patterns of the PD-1high

group. However, CD69 upregulation was low in this group, together
with weak IFN-g production (Fig. 4A, 4B).
We next addressed the quality of the MAIT cell response using

COMPASS. In brief, COMPASS uses flow cytometry data of donor-
paired stimulated and unstimulated MAIT cells and creates a Bayes-
ian hierarchical mixture model that enables donor-specific and group-
specific prediction of coexpression of effector molecules and scoring
of the response quality. After IL-121IL-18 stimulation, MAIT cells
showed coexpression of up to four effector molecules (Fig. 4C). After
stimulation with 5-OP-RU, MAIT cells mounted a more polyfunc-
tional response, reaching pentafunctionality in some cases, including
also IL-17A or IL-10. A trifunctional response of IL-17A, IFN-g, and
CD107a appeared to be enriched in the PD-1high and residual activa-
tion groups. MAIT cells of the PD-1high or residual activation groups
showed low response quality when measured by COMPASS’s poly-
functionality score (Fig. 4D). Strikingly, low MAIT cell polyfunction-
ality of the PD-1high group was only seen in response to the cytokine-
mediated mode of activation, because the MAIT cell polyfunctionality
score was similar to that seen in HD after antigenic TCR stimulation
(Fig. 4D). The functional impairment associated with the PD-1high or
residually activated MAIT cell phenotype was visible even on the level
of bifunctionality, most clearly in response to cytokine stimulation

MAIT cell response to IL-12 + IL-18 stimulation
HD
normal
PD−1high

Residual activation

MAIT cell response to 5-OP-RU stimulation

IL-12 + IL-18 5-OP-RU

B

A

C D

E

0

0.2

0.4

0.6

0.8
1.0

P
os

te
rio

r p
ro

ba
bi

lit
y

IL-12 + IL-18 5-OP-RU

H
D

no
rm

al
P

D
-1

hi
gh

R
A

IL-10
IL-17A

TNF
GzmB

IFNγ
CD107a

* *

0.00

0.02

0.04

0.06

0.08

0.10

Po
ly

fu
nc

tio
na

lit
y 

sc
or

e

HD
no

rm
al

PD−1
hig

h

RA
0.00

0.04

0.08

0.12

0.16

0.20

Po
ly

fu
nc

tio
na

lit
y 

sc
or

e

HD
no

rm
al

PD−1
hig

h

RA

* * *

0

4

8

12

16

20

B
i−

fu
nc

tio
na

l
re

sp
on

se
 p

ro
ba

bi
lit

y 
(%

)

HD
no

rm
al

PD−1
hig

h

RA
0
4
8

12
16
20
24

B
i−

fu
nc

tio
na

l
re

sp
on

se
 p

ro
ba

bi
lit

y 
(%

)

HD
no

rm
al

PD−1
hig

h

RALevel of functionality

***
*

** ** *

0
20
40
60
80

100

CD69 IFNγ GzmB TNF CD107a IL-17A

E
xp

re
ss

io
n 

(%
 M

A
IT

)

* *

0
20
40
60
80

100

CD69 IFNγ GzmB TNF CD107a IL-17A

E
xp

re
ss

io
n 

(%
 M

A
IT

)

1 2 3 4 51 2 3 4

FIGURE 4. MAIT cell functional heterogeneity in
convalescent COVID-19 patients. (A) Response of
MAIT cells to 24 h IL-121IL-18 costimulation or
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(n 5 9) or patient groups with MAIT cell characteris-
tics being normalized (n 5 26), PD-1high (n 5 7), or
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represents one donor. Each column indicates the com-
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tor molecules. Significance was evaluated by Kruskal�
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Hochberg adjustment of p values (*p< 0.05, **p< 0.01).
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(Fig. 4E). MAIT cells from HD and patients with a normalized
MAIT cell phenotype displayed high posterior probability to
mount diverse bifunctional responses, whereas patients with
PD-1high or residually activated MAIT cells showed reduced levels
of GzmB and CD107a or TNF and IFN-g combinations (Fig. 4E).
Altogether, we identify a pattern of poor responsiveness to cyto-
kine-mediated MAIT cell activation in convalescent COVID-19
patients associated with high MAIT cell PD-1 expression or resid-
ual activation.

MAIT cell PD-1 expression increases into 9 mo of
COVID-19 convalescence

The large interdonor variability in PD-1 expression (Fig. 2F) prompted
us to further investigate associations between PD-1 expression
and MAIT cell functionality. MAIT cell PD-1 expression at 4 mo
after resolution of acute COVID-19 correlated negatively with
GzmB expression following IL-121IL-18 stimulation, a pattern not
replicated in the HD group (Fig. 5A). Furthermore, PD-1 expression
correlated inversely with CD38 expression at rest, rendering PD-1
as a predictor of low residual activation in MAIT cells (Fig. 5B).
We next investigated the characteristics of MAIT cells at a later

time point, at 9 mo after discharge from COVID-19 hospitalization
in the longitudinal cohort, compared with the 4-mo phenotype. MAIT
cell CD8, CD4, and double-negative subsets remained largely
unaltered at 9 mo of follow-up (Fig. 5C). However, there was a
slight increase in CD69 expression (Fig. 5D) and a robust upregu-
lation of CD56 and PD-1 (Fig. 5E). Moreover, MAIT cells from
donors who had not returned to normal MAIT cell states and
were PD-1high remained less responsive to cytokine stimulation
(Supplemental Fig. 2C), as detectable despite reduced sample size
for functional analysis. Altogether, these results indicate that some
patients recovering from severe COVID-19 have an exhausted
MAIT cell compartment characterized by high PD-1 expression
and poor responsiveness to cytokine stimulation several months
after release from the hospital.

Discussion
Previous studies by us and others have shown that MAIT cells
are strongly affected during severe acute SARS-CoV-2 infection,

and findings furthermore suggest that MAIT cell activation and
recruitment to the airways may be involved in disease pathogene-
sis (10, 11, 37). In the present study, we show that patients who
were hospitalized with COVID-19 and survived the acute stage of
disease mostly recovered their circulating MAIT cell pool when
assessed 4�5 mo after release from the hospital. This recovery fol-
lows the overall pattern of the total CD31 T cell compartment but
is more profound as MAIT cells also increase as a percentage of the
total. However, at the 4-mo time point, some patients still have phe-
notypic and functional anomalies in their MAIT cells, with a sub-
group of patients having a PD-1high MAIT cell pool with impaired
functionality, possibly reflecting either an overall increase in PD-1
expression or preferential survival of PD-1high MAIT cells in these
patients. A second subgroup was rather characterized by residual
MAIT cell activation. Unexpectedly, in the patients studied longitu-
dinally, the numerical MAIT cell recovery observed at 4 mo was
reversed at 9 mo after release from the hospital, indicating that the
dynamic MAIT cell recovery after acute COVID-19 is transient.
This pattern was unique to MAIT cells because the total T cell abso-
lute counts stayed elevated at levels above those of the HD control
group. Together, these findings indicate an initial transient period of
inconsistent recovery of the MAIT cell compartment, which is not
sustained and eventually fails.
It has become clear that after resolution of SARS-CoV-2 infection

and acute COVID-19, some people experience persistent symptoms
of varying type, severity, and persistence (1). Although some of the
PASC symptoms are unrelated to the initial disease severity, some
long-term effects are more common in patients who were hospitalized
at the acute stage (4). Long COVID or post-COVID is a diverse syn-
drome that can affect a range of organs in various ways beyond the
lung pathology observed in severely ill patients. COVID-19, and
probably also many aspects of post-COVID, involve persistent
inflammation that might be linked to the MAIT cell pattern seen
in the present study in peripheral blood, with initial expansion
and subsequent decline. We speculate that the initial expansion may
involve MAIT cell release from inflamed tissues as the acute
stage of disease is cleared. This may mask a more severe impact
on the MAIT cell compartment, which becomes evident at the
9-mo follow-up time point, when this effect has subsided, and
the remaining inflammation may attract the few remaining MAIT
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cells. Furthermore, functional and single-cell transcriptomic analyses
in patients with COVID-19 recently suggested that MAIT cells
are functionally impaired (44) and undergo pyroptosis during
the acute stage of the disease (45). This model is also consistent
with our observation that some patients have phenotypic and
functional anomalies in the MAIT cell pool already at the 4-mo
time point.
Findings in other human viral diseases show that the MAIT cell

compartment is affected or responds in distinct ways, depending on
the type of infection (32). For example, acute HIV-1 infection leads
to short-term MAIT cell expansion over the first months (46),
whereas chronic HIV infection causes progressive irreversible MAIT
cell loss and functional impairment (47, 48). A similar substantial
decline of the MAIT cell compartment occurs in chronic viral hepati-
tis (49). Acute hantavirus infection causes a steep reduction in
circulating MAIT cells, which reverses once the virus has been
cleared (36). In the present study, we show a more complex pat-
tern after severe COVID-19 with more long-term effects in the
MAIT cell compartment, and these may affect immune system per-
formance in the affected host. MAIT cells are important in micro-
bial immune control at barrier tissues such as the lung (17�21) and
can also play roles in tissue repair and wound healing. Further-
more, MAIT cells were recently shown to play an unexpected role
in the priming of T cell responses to ChAdOx1 encoded vaccine
Ags (50) and to be associated with adaptive immune responses to
mRNA vaccination (51). Thus, it is possible that persistent MAIT
cell impairment after severe COVID-19 may have wide-ranging
impacts on immune system performance beyond the classical anti-
bacterial role of MAIT cells.
In this study, we have shown that after severe COVID-19, the

MAIT cell compartment goes through an initial transient period of
inconsistent recovery, which is not sustained and eventually fails.
These (to our knowledge) new insights could be important for inter-
pretation of the roles that unconventional innate-like T cells play in
COVID-19 and especially in the long-term effects of this disease.
Nevertheless, the study also has limitations. First, the number of
patients available for longitudinal sampling was relatively small,
thus limiting the ability to detect subgroups of patients. Second, the
number of PBMCs available for experiments was limited and thus
restricted the range of experiments we were able to perform. Third,
the long-term effects of severe COVID-19 on MAIT cells remain
uncertain and will need to be examined more comprehensively over
time. Fourth, with a small number of patients and a lack of evalua-
tion of PASC symptoms in this group, the current data are only
hypothesis generating regarding any MAIT cell involvement in
PASC. Finally, the healthy control group was sampled only once at
the same time as the 4-mo follow-up of patients with COVID-19.
Nevertheless, recent studies indicate that MAIT cell levels in HDs
are stable over shorter time periods in the absence of serious inflam-
matory conditions (51, 52). Given the emerging role of MAIT cells
in antimicrobial immunity, inflammation, and tissue homeostasis,
we hypothesize that the impairment of these cells may play a role in
the persistent health problems experienced by some previously hos-
pitalized patients with COVID-19.
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